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The use of directional couplers to extend the range of low-level power meters is a well established 
technique. Calibration of bolometer-coupler units up to 20 dB is routine at NBS and other laboratories 
and allows power measurement to the 1 W level. For higher coupling ratios, however, the problems in 
calibration using conventional techniques becomes more difficult. This paper describes a cascade 
method which allows calibration of low power meter-coupler combinations for measurement up to the 
megawatt range. 

The technique is based upon system linearity and the uncertainty limits are shown to be 1 percent 
to 1.5 percent using NBS low power standards. By using the NBS calibration services and commercially 
available equipment, the above power levels can be measured with uncertainty limits less than 2.7 
percent. The method can also be adapted to measurement of large coupling ratios (20-80 dB). 

Results are given for power (200 watts in WR-90 waveguide) and coupling ratio (40 dB coaxial 
coupler) measurements. 
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1. Introduction 

High level (above 1 W) microwave CW power meas- 
urements are commonly referenced to low-power 
standards by using a low-level power meter in com- 
bination with a power-reducing device such as a direc- 
tional coupler or attenuator. Although better known and 
more economical than other methods for measuring 
high power, use of this method has been limited by 
uncertainties in relating the high power to the power 
indicated by the low-level power meter. An improved 
technique for determining this relationship is the main 
topic of this paper. The use of the directional coupler 
is emphasized, but the basic ideas presented will also 
apply to other attenuating or coupling devices. 

2. Cascaded Feed-Through Power Meter 
Calibration Technique 

The basic principles of the new calibration tech- 
nique are described by discussing the calibration of 
a 40 dB coupler in combination with a low-level side- 
arm power meter having a dynamic range of 20 dB 
(0.1 to 10 mW). 

It has been shown that the best accuracy is obtained 
by calibrating the sidearm power meter and the coupler 
as a unit [l]. 1 This requires a measurement of the 
coupler output power while a reading is obtained on 
its sidearm power meter. If a standard power meter 
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is available for measuring power in the range of 1 to 
100 W (the power needed to obtain a reading within 
the range of the sidearm power meter) the calibration 
can be readily achieved. For the sake of explaining the 
technique, however, the calibration is to be achieved 
using a 10 mW standard power meter. 

The calibration procedure employs an auxiliary 20 
dB coupler and sidearm power meter with a dynamic 
range of 20 dB (0.1 to 10 mW) to transfer the calibra- 
tion from the 10 mW standard power meter to the 40 
dB coupler unit. Before starting the calibration, the 20 
dB coupler is connected to the 40 dB coupler as shown 
in figure 1. At first glance, it appears that two coupler 
type, feed-through powermeters are in series. However, 
an alternate interpretation is also possible. In partic- 
ular, the 40 dB coupler can be regarded as an extension 
of the main arm of the 20 dB coupler so that terminal 
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Figure 1. Basic cascaded coupler system. 



185 



surface 2 serves a dual role; it is the output port of both 
the 20 and 40 dB couplers. 

The 20 dB coupler unit (containing the 40 dB coupler 
unit) is calibrated by obtaining simultaneous readings 
on its sidearm power meter (PM1) and on the 10 mW 
standard power meter connected to terminal surface 2. 
If the standard power meter is now removed and re- 
placed by a high power load (and for the present it will 
be assumed that their impedances are equal) the 20 dB 
coupler unit will permit measurements of the load 
power in the range of 10 mW to 1 W. The only require- 
ment is that the component parameters be linear, i.e., 
independent of power level. 

As the 1 W level is approached, the indicator on the 
20 dB coupler reaches the upper limit of its dynamic 
range (10 mW) and the indicator on the 40 dB coupler 
comes into the lower region of its dynamic range (0.1 
mW). Since the load power can be accurately predicted 
from the power meter on the sidearm of the 20 dB 
coupler, the 40 dB coupler unit is calibrated by obtain- 
ing simultaneous readings on the two sidearm power 
meters. The calibration is thus transferred from the 
20 to the 40 dB coupler unit without introducing uncer- 
tainties associated with mismatch, with flange losses, 
or with losses occurring within the couplers. Following 
this calibration, the input power can be further in- 
creased another 20 dB and load powers in the range of 
1 to 100 W determined by the 40 dB coupler-sidearm 
power meter unit. Again, the components must be 
linear. 

As a practical matter, the power meter on the side- 
arm of the 20 dB coupler may be damaged by excessive 
power when the load power is increased beyond 1 W. 
This power meter overload problem is simply avoided 
by removing the 20 dB coupler after the 40 dB coupler 
unit is calibrated. The calibration of the 40 dB coupler 
unit is not affected by doing this because a directional 
coupler, like other three-port devices, has the property 
that the power split between the main and sidearms is in- 
dependent of the source characteristics (see appendix). 

The method described in the previous paragraphs 
can obviously be extended to systems employing any 
number of cascaded couplers. For example, figure 2 
shows four coupler units where the calibration pro- 
cedure is as follows: 

1. Adjust power input so both PM1 and PMS are 
within their dynamic ranges. 

2. Obtain simultaneous readings of PM1 and PMS. 

3. Replace PMS with the high power load. 

4. Increase power until PM2 is in its operating 
range (but upper limit of PM1 is not exceeded). 

5. Obtain simultaneous readings of PM1 and PM2. 

6. Remove PM1 and the 20 dB coupler from the 
system. 

7. Increase power until PM3 is in its operating 
range (but upper limit of PM2 is not exceeded). 2 
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2 Since coupler 1 was removed from the system, PM1 may be transferred to coupler 3. 
Likewise PM2 may be transferred to coupler 4. Thus, only two power meters are required 
for any number of cascaded couplers. Although errors may be introduced by this procedure, 
they are negligible for couplers having large coupling coefficients. For couplers having small 
coupling coefficients, the error can be made negligibly small by using load isolators on their 
sidearms or by initially terminating the sidearms with loads having reflection coefficients 
approximately equal to the sidearm power meters. 
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Figure 2. Cascaded coupler system used to calibrate an 80 dB 
coupler-power meter combination. 

8. Obtain simultaneous readings of PM2 and PM3. 

9. Remove PM2 and the 40 dB coupler from the 
system. 

10. Increase power until PM4 is in its operating 
range (but upper limit of PM3 is not exceeded). 

11. Obtain simultaneous readings of PMS and PM4. 

12. Remove PM3 and the 60 dB coupler from the 
system. 

13. Measure power in the range 10 4 to 10 6 W. 

By following the steps above, the 80 dB coupler and 
its sidearm power meter are calibrated as a unit and 
the load power is given by the expression 



P' p> p' p> 
L P, P 2 P 3 P 4 s 



(1) 



where P n is the reading of the nth side arm power 
meter when a calibration was effected and Pn is the 
reading of this power meter when it measured the load 
power. The reading of the standard power meter is 
P s . This expression for the load power, Pl, is exact 
when the standard power meter and the load im- 
pedances are equal. The effects of dissimilar imped- 
ances will be considered next. 

When the standard meter and the load impedances 
are not equal, mismatch is introduced when the former 
is exchanged for the latter. This is the only impedance 
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mismatch introduced, however, because the same 
load is used for the remainder of the calibration 
procedure. The impedance mismatch introduced with 
the cascaded system is basically the same as for a 
single coupler unit and can be handled using existing 
techniques. 

Engen [1| has shown that the load power determined 
by a single calibrated coupler unit is given by the 
expression 
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where P\ is the reading of the side arm power meter 
when the unit was calibrated with a standard power 
meter whose reading was P s . The reading P[ of the side 
arm power meter determines the power delivered to 
the load after it replaces the standard meter. The 
reflection coefficients of the standard meter and the 
load are given, respectively, by V 8 and i\. The factor 
Vge is defined by Engen [2] as the equivalent gen- 
erator reflection coefficient which the coupler provides, 
and its measurement is discussed in the referenced 
paper. This coefficient is given in terms of the coupler's 
scattering coefficients as 



r GE =s 2 2- 
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when the reference planes are chosen so that the 
source is connected to port 1, the output of the coupler 
main arm is port 2 and the sidearm is port 3. 

Similarly, an equivalent generator reflection coeffi- 
cient Vge can be defined for the first feed-through 
power meter in the cascaded coupler system with 
reference planes as indicated in figure 2. By doing 
this and comparing the expression for the load power 
given in eq (1) with eq (2), eq (1) can be modified to 
include the effects of impedance mismatch. The results 
are: 
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Only the Vge of the first feed-through power meter 
appears in eq (4), although an equivalent generator 
reflection coefficient can also be defined for each of 
the other feed-through power meters in the cascaded 
system. Unlike the first feed-through power meter, 
the others measure the power delivered to the same 
load that terminates their output when they are cali- 
brated. As a result the power measurement is not 
affected by their equivalent generator reflection coeffi- 
cients. They need not be known unless, as discussed 
below, the load is exchanged for another after the 
calibration is complete. The Tge of the first feed- 
through power meter must be known, however, in 
order to evaluate the mismatch error in eq (4). This 
requires that Vge be measured before the calibration 
begins and the system is disassembled. 

In addition to giving a method for measuring Tge in 
the above reference, Engen showed that it is possible 



to reduce the value of Tqe for a single coupler by using 
a tuner in the output arm. A tuner can also be incorpo- 
rated into the cascaded system and used to reduce the 
value of Fge that exists when the load replaces the 
standard meter. The tuner can be added anywhere be- 
tween the first coupler and the output port. There is an 
advantage, however, in locating it between the first and 
second couplers. After the calibration is transferred to 
the second coupler, the tuner becomes part of the 
source for this coupler. Thus the tuner can be removed 
with the first coupler, eliminating the need for a tuner 
that will operate at high power levels. 

An alternative method for measuring and reducing 
T(;e is provided by employing the first coupler as part 
of a reflectometer [3, 4]. When this reflectometer is 
tuned with respect to the output port, Vge is made small 
and a method is provided for measuring the reflection 
coefficient magnitudes of the standard meter and the 
load. Again, as with the single tuner, the added reflec- 
tometer components can be removed with the first 
coupler. More details about this method are given 
later with the experimental results. 

The high power load can be exchanged for another 
after the calibration is complete. However, another mis- 
match error will be introduced. Specifically, if after the 
last coupler has been calibrated using a particular load, 
another load with a reflection coefficient T/^ is substi- 
tuted, the expression for the power delivered to this 
second load is 
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where 17,/,; is the equivalent generator reflection coeffi- 
cient associated with the last coupler, and the other 
terms are as previously defined. Evaluation of the addi- 
tional mismatch error in eq (5) requires additional 
measurements to determine Y' G e ana " 1 L2. 

3. Application to Attenuation Measurements 

The calibration technique as described provides a 
method for accurately determining the power delivered 
to a particular high power load. The technique does 
this by using several power meters with limited 
dynamic ranges to produce the same results as would 
be obtained using one power meter with a large 
dynamic range. This characteristic also makes the 
technique useful for other applications such as 
evaluating the linearity of detectors with large dynamic 
ranges or for measuring attenuation using the power 
ratio method of measurement. 

The power ratio method for measuring attenuation 
requires measurements of the input and output 
powers of a two-port device. This method has been 
shown to be capable of high accuracy when using 
bolometric power meters for attenuation measurements 
up to 20 or 30 dB [5]. A wider range of attenuation can 
now be measured using a cascaded coupler system, 
since it permits a wider range of input power levels 



187 



to be measured. For best accuracy, the output power 
can be measured with the same standard power meter 
used to calibrate the cascaded coupler system. The 
maximum attenuation that can be measured is limited, 
of course, by the component's ability to withstand the 
high power. This limitation, for several measurements, 
is not as severe as it may seen. For example, by using 
power meters with dynamic ranges of 0.1 to 10 mW, 
40 dB of attenuation can be measured with a source of 
1 W, 50 dB with a source of 10 W, and 60 dB with a 
source of 100 W. Several components including direc- 
tional couplers can tolerate these (and higher) power 
levels. 

The measurement of a coupler coupling coefficient is 
an attenuation measurement between the input and 
the side arm when the output is terminated in a non- 
reflecting load. An 80 dB coupler, for example, requires 
an input power level of 10 kw in order to obtain a 
reading of 0.1 milliwatt at the side arm. A measurement 
of this input power is provided by using a cascaded 
system of 20, 40, and 60 dB coupler units. Using this 
system and computing the coupling coefficient yields 
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where Smn are the scattering coefficients of the coupler 
and Tc is the reflection coefficient at the input to the 
coupler with the nonreflecting high power load and 
standard power meter connected. The expression for 
this reflection coefficient is 
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Note that since the ratio of PJPsz is taken, where P s z 
is the side arm power reading obtained with the stand- 
ard meter, a calibrated standard power meter is not 
required for these measurements. Consequently, 
this meter can be incorporated with a tuner to obtain 
T s =« and reduce the mismatch error introduced. 
The advantage of tuning Yge - at the low power 
level is apparent. 

4. Alternate Calibration Method 

The system shown in figure 3, is an alternate 
calibration method which uses attenuators between the 
coupler sidearms and the power meters. Compared 
with the purely cascaded system, it is physically 
shorter and the power ratio calibration steps can have 
any value if the attenuators (A\ and A 2 ) are con- 
tinuously variable. The utility of this method is that it 
allows couplers having relatively low coupling ratios to 
be transformed into ones having the equivalent of 
high coupling ratios. For example, a 40 dB coupler can 
be transformed to the equivalent of a 60 or 80 dB 
coupler. 

The calibration procedure for this system is similar 
to that for the purely cascaded system, the difference 
being that the calibration is transferred back and 
forth between power meters 1 and 2 as the power level 




Figure 3. Variation of the cascaded coupler calibration technique. 

The attenuators are alternately used to reduce the coupling to one power meter while 
the other retains the calibration. 

is increased. The attenuators are alternately used to 
reduce the coupling to one power meter while the 
other retains the calibration. 

The first coupler unit can be considered as part of 
the source for the second unit and the setting of 
attenuator A\ can be changed without introducing an 
error when the calibration is referenced to power 
meter 2. When the calibration is referred to power 
meter 1, however, a change in the setting of attenuator 
A 2 can introduce an error, because the amount of 
power reflected back into the system may change 
which in turn can change the relation between the 
first sidearm power meter reading and the load power. 
This error can be made negligibly small by using an 
isolator as shown in figure 3. The other errors associ- 
ated with this calibration scheme are the same as 
for the strictly cascaded coupler system. 

A tuner for reducing F GE can be inserted between 
the couplers. It can be removed after the calibration 
is first transferred to power meter 2 and an error will 
not be introduced when the calibration is transferred 
back to power meter 1. Similarly, a reflectometer can 
be used to reduce and evaluate the mismatch error 
introduced at arm 2. 

5. Experimental Systems and Results 

A WR-90 waveguide coupler system was assembled 
in the laboratory to obtain experimental data. The 
system incorporated a reflectometer and provided the 
capability of obtaining two separate calibrations of the 
last low power meter-coupler unit. This system is 
shown in figure 4. One calibration for the 40 dB coup- 
ler unit was obtained by using couplers 1 through 4 
to provide 10 dB power ratio calibration steps. The 
other calibration was obtained by using couplers 2 
and 4 to provide power ratios of 20 dB. The two cali- 
brations disagreed by no more than 0.11 percent which 
indicates the precision of the method. 

No unusual problems were encountered or unpre- 
dicted results obtained in performing the double 
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FIGURE 4. A coupler system that incorporates a reflectometer and provides the 
capability of obtaining two separate calibrations of the 40 dB coupler. 



calibration. Intercomparison power measurements 
were made at the 70 to 200 W level between the 40 
dB coupler unit and a stirred-water calorimeter [6J. 
The disagreement was around 1 percent, well within 
the combined error limit for the two meters. 

In the tuning procedure for this system, tuner A 
was first adjusted so that the coupler sampling the 
reflected power (coupler 5) would have near infinite 
directivity. Tuner B was then adjusted to obtain 
Tge — for the system using power ratios of 20 dB. 
Finally, tuner C was adjusted to obtain Yqe — for 
the system using power ratios of 10 dB. All of the tuning 
was done with respect to the output of the system by 
using well known tuning procedures [3, 4]. The tuning 
operation was performed by sliding high and low cali- 
brated reflecting loads within a waveguide section 
attached as part of the coupler system. The low re- 
flection load was used as the reflection coefficient 
standard. By using this approach, the reflectometer 
measured the combined reflection coefficient of the 
load and flange at the output of the system. 

The reflectometer, the first two couplers, the three 
tuners, and the low-power low-pass filter in the main 
line were removed when the calibration was trans- 
ferred to couplers 3 and 4. 

A second system using coaxial components was 
assembled to measure the output to sidearm power 
ratios of a set of 5 coaxial couplers having nominal 
coupling values of 12, 20, 23, 30, and 40 dB. These 
are slot type, quarter wave precision couplers as de- 
scribed by Hudson [7] and have 50 dB directivity and 
maximum VSWR of 1.02 at all ports. Their center 
frequency is 1.45 GHz and measurements were made 
at frequencies in the range 1 to 2 GHz. For the lower 
value couplers (up to 20 dB), the output-to-sidearm 
power ratio was measured directly using standard 
bolometric power meters (VSWR < 1.03). The cascade 
system was used to measure the higher value couplers, 
and because VSWR of the ports is low, tuners were 
not required to reduce the value of Yge* The limit of 
uncertainty in the measurement of the 40 dB coupler 
was computed to be 0.8 percent (0.035 dB) which 



includes the effects of impedance mismatch, repeat- 
ability, etc. The 40 dB coupler was also measured 
using the NBS coaxial calorimeter [8J and a standard 
bolometric power meter. The two measured power ratio 
values differed less than 1 percent. 

6. Errors 

The limit of uncertainty in a high power measure- 
ment, using the cascade system, depends primarily 
upon the uncertainties introduced by the reflection 
coefficients and by the low level standard and side 
arm power meters. Since bolometric power meters 
conveniently yield accurate measurements in the 0.1 
to 10 mW range, they are used in the following dis- 
cussion to demonstrate the accuracy obtainable. 

There are at least two methods available for obtain- 
ing less than 0.1 percent for the uncertainty introduced 
by the reflection coefficients. In one, the uncertainty 
is eliminated, in principle, by adjusting the reflection 
coefficients of the standard meter and the high power 
load to be equal. In the other method, the uncertainty 
is reduced by using a tuner to obtain a small, near 
zero, equivalent generator reflection coefficient and 
then correcting the measured power using the meas- 
ured reflection coefficient magnitudes of the standard 
meter and the load. 

The limit of uncertainty associated with the meas- 
urement of P s results primarily from the uncertainty 
in the bolometer mount effective efficiency and from 
the uncertainty in the measurement of the bolometri- 
cally substituted dc power. The National Bureau of 
Standards presently provides routine effective effi- 
ciency calibrations with limit of uncertainty of 1 percent 
for waveguide bolometer units [9]. The uncertainty 
can be as low as 0.2 percent, however, for a WR-90 
waveguide mount calibrated against the NBS micro- 
calorimeter [10]. 

Self-balancing bolometer bridges have been devel- 
oped that enable a measurement of the substituted 
dc power to be made with an uncertainty of 0.09 per- 
cent +0.1 /xW [11 1. This corresponds to uncertainties 
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of 0.09, 0.1, and 0.19 percent in measurements of 10, 
1 and 0.1 mW, respectively. 

In a power ratio measurement, some of the syste- 
matic errors, such as those resulting from the bolom- 
eter mount reflection coefficient and its effective 
efficiency, cancel. The only uncertainties that need 
to be evaluated are those associated with the measure- 
ments of the bolometrically substituted dc powers. 
By using the bolometer bridge mentioned above, power 



ratios of 10 and 100 can be measured with uncertainties 
of 0.19 and 0.28 percent, respectively. 

The uncertainty in a high power measurement is 
the sum of the uncertainties introduced by the standard 
power measurement, by the mismatch error, and by 
the uncertainties introduced in the power ratio meas- 
urements. Table 1 shows an example breakdown of 
these uncertainties. 

The power ratio uncertainties in table 1 can be re- 
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Table 1. Examples showing the uncertainty limit obtainable in a high power measurement by using the cascaded coupler calibration 

technique and equipment that is available commercially. 
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duced by the use of the same bolometer bridge and 
accessory instrumentation in measuring the numerator 
and denominator powers. The amount of reduction 
will, in part, depend upon the systematic error common 
to both measurements. 

Other sources of error that need to be considered in 
practice include rf power instability and the effects 
of bolometer mount temperature changes. Because 
the calibration is performed by making simultaneous 
power measurements, only short term stabilities are 
important, and the exacting power and temperature 
stability requirements are reduced. 

The output from some high-power sources may 
contain large harmonic components. Since the coupling 
for the harmonic power is generally not the same as 
for the fundamental power, this can be a source of 
error. This error is easily reduced by incorporating 
low-power, low-pass filters with the power meters, as 
shown, for example, in figure 4. 

In general, the calibration technique is based upon 
the assumption that the system is linear. The param- 
eters of all the components used in the system must 
be independent of the rf power level and any other 
variable, such as environmental temperature, that may 
affect the linearity. The linearity of all the components 
except the directional couplers can be easily measured, 
since they operate at low power levels. The linearity of 
a coupler unit, however, must be measured at high 
power levels. Since this measurement requires a high 
power meter, another coupler unit can be used. In 
this way the power linearity of different types of 
couplers can be compared by comparing the side arm 
power readings as the power level is changed. With 
several comparisons any nonlinear components can 
be detected. 



Large values of attenuation or coupling ratio can 
be accurately measured using the cascade technique, 
provided the components can withstand the high power 
required. 
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8. Appendix 

The calibration technique uses one calibrated 
feed-through power meter to calibrate another, and 
since a feed-through power meter has an input and 
two outputs, the theory for 3-port junctions is appli- 
cable. The ratio of the powers at ports 2 and 3 of any 
linear 3-port junction, with a source connected to 
port 1 as shown in figure 5, is given by [12] 
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7. Summary 

Accurate measurements of microwave power at 
high CW levels can be accomplished using the cas- 
caded feed-through power meter calibration technique. 
The accuracy is based upon existing low-level stand- 
ards, system linearity, and the ability to accurately 
measure power ratios. The technique can be used at 
any frequency in the rf spectrum where directional 
couplers (or other suitable 3-port devices), low-level 
power meters, and low-level power standards are 
available. (See fig. 5.) 

Alternative systems, which employ directional 
couplers and attenuators, provide an additional 
flexibility in the calibration of coupler-low-power- 
meter units. The use of feed-through devices other 
than directional couplers may be advantageous, 
especially at the lower frequencies where the wave- 
guide components are large. Since absolute power 
measurements are not required for measuring power 
ratios, detectors other than power meters, such as a 
precision variable attenuator and detector combina- 
tion or an IF detector, are possible alternatives. Both 
of these detectors, however, may be subject to addi- 
tional errors cuased by impedance changes. 



where Sm\ are the scattering coefficients of the 
junction, and 1 2 and l\ are the reflection coefficients 
of the loads at ports 2 and 3. 

The expression shows that the ratio of P> to I\ is 

independent of the source reflection coefficient, Y^. 
For a linear system, the reflection and scattering co- 
efficients are not a function of the power level and the 
ratio is independent of the source amplitude. In 
general, the ratio, or the calibration of a feed-through 
power meter, is independent of the source character- 
istics, and an error is not introduced by changing the 
source at port 1. 
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Figure 5. A generalized 3-port junction. 
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